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I. INTRODUCTION

This is the first annual report on a program designed to determine the

mechanism of soot formation in air—breathing engines. Because of the extensive

evidence acc*.unulated over the last decade indicating that flame ionization and

soot formation are related,’4 the objective of this program is to determine
exactly what the relationship is. The working hypothesis is that soot precur-

sors are ions which, in very rapid ion molecule reactions, grow to incipient soot V

particles. 
V

The work is further motivated by the anticipated future use of so called
“new fuels” produced from coal, tar sand , and shale oil. These fuels are

expected to have higher molecular weights, more aromatics and polycyclics, and
greater C/H ratios than current petroleum—derived fuels. These properties all

increase the smoking or sooting tendency in combustion systems.

Because of the great extent to which fuel structure will probably change

as petroleum—derived fuels are replaced by coal or shale oil—derived fuels, a

major effort in this program has been placed on the effect of fuel structure.

Thus, simultaneously with experimental studies of ionization in sooting flames,

experiments are being pursued on the effect of molecular structure on the

critical equivalence ratio at which soot is produced . After describing the

experimental techniques being employed, these two efforts will be discussed

separately.
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II. EXPERIMENTA L

In reviewing previous work5~~ in which observations were made of the fuel

concentration at the onset of soot formation , it became obvious that the criti-

cal stoichiometry at which soot is produced is a function of flame geometry.

Meker type flames and flat flames tend to become cellular as the fuel flow is

increased and soot sets in at the tip of each of the individual cells. Simi-

larly, in Bunsen flames, it is at the tip of the conical primary flame zone

that soot is first observed. These effects are described in more detail in the

review by Homann.’ Thus, in order to correlate the relative tendencies of

various fuels to soot, one must take into account changes in flame geometry

which, in turn, are a sensitive function of unburned gas flow rate and burner

configuration.

The two burners being used in the present study are annular shielded flame

Meker burners as shown in Fig. 1. One is a water—cooled version fabricated

from bundles of hypodermic tubing of 0.75 mm internal diameter; the other is

identical in size with a sintered stainless steel top welded in place to facil—

itate higher input feed gas temperatures. The temperature of the input fuel—

air mixture is determined with a thermocouple, located in a well within the

plenum upstream of the sintered burner top. Flames are stabilized on either

burner top as a number of small “cells” or inverted dome—shaped combustion

zones. The central test flame is 2.5 cm in diameter and is supplied with the

fuel/air mixture under investigation; the annulus surrounding it has an outside

diameter of 4.7 cm and supports a near stoichiometric C3H./air flame which

shrouds the test flame from unwanted cool ambient air and provides an ever—

present ignition source. The entire burner is enclosed in a 30 cm diem stain—

less steel vacuum housing which is exhausted, when desired, by a 150 £ sec ’

mechanical pump. The apparatus is therefore capable of providing flames at

pressures of 1 atm down to a few Torr at virtually any unburned gas flow rate

and fuel—air ratio at which combustion can be sustained.

The propane and air for the shroud flame are provided via critical orifice

flow meters and mixed in a 100 ml mixing vessel upstream of the burner and out-

side the vacuum housing. The mixing vessel for the test flame is similarly

supplied with air but from two meters; one stream of about 30 ml sec 1 provides

the “propellant” for an atomizer built into one end of a 0.8 £ mixing vessel;

the remainder of the air sweeps through the vessel and mixes with the fuel and

2 
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atomizer air before flowing to the inner portion of the burner. The entire

mixing vessel and aspirator are enclosed in a small laboratory oven operated

at a temperature high enough to insure vaporization of the atomized liquid fuel

as it impinges on the inside wall of the vessel. The liquid fuel is metered

into the atomizer with a motor—driven, continuously variable speed hypodermic
infusion pump. When gaseous test fuels are employed they are supplied directly

to the vessel from a critical orifice meter.

After establishing the outer shroud flame and fixing the total inner air

supply at a value between 30 and about 250 ml sec 1, the ~fuel is introduced in

ever—increasing amounts until soot formation, as evidenced by the first appear-

ance of yellow light emission , is observed. No electro—optical devices have

yet been necessary since the point at which soot formation occurs is readily

observable and appears very abruptly as the fuel supply rate is increased. The

equivalence ratio* at which yellow light emission is first observed is defined

as the critical equivalence ratio for soot formation,

The flame ion mass spectrometer employed in this study is the same instru-

ment used in our prior work on flame ionization phenomena9; a schematic is
given in Fig. 2. The instrument as shown is mounted directly above the burner

housing with its sampling system comprising the interface between the two. The

sampling system so far employed is a 950 (overall outside angle) stainless
steel cone with a 0.09 = diem orifice in the tip. The balance between gas

flow through an orifice of this size and the pumping speed on the mass spectrom-

eter side of the sampling system permits operation at flame pressures up to

about 250 Torr. At higher pressures the increased flow through the orifice

leads to pressures above 2 x 10 ” Torr in the ion lens section. At pressures

above this value, chemical reaction rates in the lens region become rapid
enough to cause appreciable errors. The mass spectrometer now in use has an

upper mass limit of 550 amu. It is a low resolution, high transmission quadru—

pole ideally suited for rapid, qualitative survey experiments.

As will be seen, two of the experimental problems in this study are the
complex nature of the mass spectra and the large changes in mass distribution

that result from small changes in experimental parameters. In principle, the

* (fuel flow/oxidizer flow)
- experiment

Equivalence ratio, cb = (fuel flow/oxidizer flOW)stoichiometric 
V

4
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operating characteristics of a quadrupole mass filter are uniquely well suited

to an examination of such complicated ion mass distributions; if the d.c. com-

ponent of the instrument’s power supply is shut of f  and only an r .f .  voltage

fed to the poles, the instrument will pass all ions above the lower limit of

its operative mass range. As the r.f. voltage is then increased , lower mass

ions a~~ progressively ellminated until, at the maximum r.f. voltage corre-
sponding to the upper end of the accessible mass range, only ions with masses
above the nominal operating range are transmitted. At any given r.f. voltage,

then, all ions of mass number greater than that normally transmitted at that

voltage will appear at the detector; all lighter masses are rejected. By

scanning the r.f. voltage range while sampling ions from flames of increasing

fuel content, it is therefore possible to determine what fraction of the ions

present fall, into various mass classes within the nominal operating range of

the instrument and how many are of higher molecular weight than its upper limit.

In practice, this ideal performance is not achieved with our present mass fil-

ter due to the small imbalances in r.f. voltages supplied to the two pole pairs,

the inlet aperture geometry of the instrument, ion multiplier mass sensitivity,

etc., but the measurements obtained in this way are nevertheless a qualitative

indication of such effects.

6
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III. EFFECT OF FUEL STRUCTURE ON SOOT FORMAT1~~

The first ef for ts  were directed toward determining tt~e ~~ f .c t z~~ ‘ .~

structure on soot formation. There are , of course , some data in t~~~ 1$.? .

ture 3’” on the subject but they pertain to d i f ferent  burne r coni t .ts~~~
from those used in this study or to different combustion syst~~a , 1.. 1.?

sion flames or aerosol fuels. The system so far used in this stud y v u .

V premixed gaseous fuels and air. It will be useful to compare the cr1t .~ :s

equivalence ratios for soot formation in these various systesa .
The effect of unburned gas flow velocity on the critical ~~~~~~~~~~~~~~~~~ ?•‘

for soot formation was f irst  determined for a variety of fuei&~. The r.~~...

are presented in Fig . 3. The apparent large scatter is real anc not •~~~
experimental scatter. As the flow rate changes, the shape of the f. r Crl~~C~i*

from cellular flames with varying numbers of cells , to f lu t t ~~r ’.nb. ~~t .  -

flames, to single well—formed cones . These changes are usually v er •br’i$ ’ —

7
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the equivalence ratio at which soot sets in varies with the shape of the flame.

The variation in flame shape with flow has, of course, been observed previously
and has been studied extensively, especially by Markstein. ’° These phenomena

are certainly related to relative diffusion coefficients of fuel and oxidizer

on soot precursor reactants, e.g. ions, and merit further study. They could

be important to soot formation in jet engines where the flame shape is deter-

mined by turbulence. The present program cannot afford the luxury of digressing

to consider this problem further at this time.

In general, at the higher fiow rates employed in this study, the flames
become better defined and more stable, and the point at which soot is observed
becomes essentially independent of total gas flow as indicated by the data in

Fig. 3. Because this occurs over a range of high flows, it appears that under

these conditions heat transfer to the burner becomes negligible and the flame
temperatures attained are constant and probably approach the adiabatic value.

Values of under these relatively constant, reproducible conditions are

tabulated for all the fuels tested to date in Table I, together with the

TABLE I
CRITICAL EQUIVALENCE RATIOS FO~ SOOT FORMATION IN SELECTED FUELS

(1 atm flames)

Vapor Fuel Aerosol Fuel
(This study) Street & Thomas 8 A

Alkanes
Propane C3H. 1.74 1.56 0.18

n—Hexane C6H14 1.63 1.45 0.18

c—Hexat~ C6H12 1.70 1.51 0.19

n—Heptane C,H16 1.69

n—Octane C.111. 1.71 1.39 0.32

Alkenes
Ethylene C2H4 1.84 1.82 0.02

Alkyne
Acetylene 2.05 2.07 — 0.02

Aromatics

Benzene C.W. 1.55 1.42 0.13

Toluene C,H. 1.43 1.33 0.10

Xylene C.H10 1.43 1.27 0.16

Cumene C,H12 1.56 1.28 0.28

8
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analogous values from the prior work of Street and Thomas.8 In the work of
Street and Thomas the fuel was sprayed into the air stream of a Bunsen burner

so that, in most cases, the fuel entered the flame as a gas/aerosol mixture.
The differences in the critical equivalence ratios are not small and tend to

iucrease with increasing boiling points. It is tempting to assume that this

is due to the heat of vaporization affecting the flame temperature; this assump-

tion is supported by the similarities in adiabatic flame temperatures given in

Table II. It also seems likely that the fuel rich mixtures that occur locally

around burning or evaporating droplets, or groups of- droplets, are more apt to
produce soot so that the average q for aerosols is less than for vapors where

a premixed homogeneous condition exists.

TABLE II

ADIABATIC FLAME TEMPERATURES FOR THERMODYNAMIC AIW EXPERIMENTAL
CRITICAL EQUIVALE~NCE RATIOS AT WHICH SOOT IS FORMED

Thermodynamic Experimental

___ T , K ~s 
_ _ _

Benzene: vapor 2.52 1460 1.55 2200

aerosol 2.47 1350 1.4 2180

n—Hexane: vapor 2.88 1150 1.63 1850

aerosol 2.76 1100 1.5 1870

Flames of three fuels, viz, acetylene C2H2, benzene C1H., and cumene
C,H12, have also been examined for their tendency to soot at reduced pressures,
see Table III. The experiments described above for 1 atm flames were dupli-

cated at pressures down to 70 Torr. Because of the increase in linear flow

TABLE III
EFFECT OF PRESSURE ON THE CRITICAL EQUIVALENCE RATIO FOR SOOT FORMATION

Unburned gas ten~perature 90°C

Press ure , Torr Mean
70 120 200 350 500 760 

_ _ _ _

Acetylene 2.06 2.00 1.93 2.16 2.15 2 .05 2.06
Benzene 1.81 1.67 1.64 

- 

1.48 1.66 1.55 1.64
Cumene 1.60 1.48 ——— 1.60 ——— 1.56 1.56

9
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velocity of unburned gas at lover pressures and dependence of flame speed on
V pressure over this range, it was necessary to work at smaller total gas flow

rates. At 70 Torr, stable well—structured flames could only be obtained at

total flow rates below 80 m,l (STP)sec”1. The corresponding decrease in fuel

flow caused some imprecision in feed rate measurements and led to less repro-

ducibility in the low pressure data than at 1 atm. Notwithstanding these

difficulties,it can still be concluded, at least in this pressure range, that

~ 
changes little with pressure. This is in substantial agreement with the

results of McFarlane et a111 at pressures above 1 atm.
Other laboratory studies” have demonstrated an increasing tendency to

soot formation with increasing pressure. Gaydon and Wolfhard,’ however, ques-
tion the interpretation of a pressure effect; they cite evidence that the

observed effects are due to changes in flame temperature resulting from heat

loss to the burner (compare discussion above) which is dependent on pressure

in many experiments. They conclude, however, that once carbon is set free ,

the proportion of fuel converted to soot does increase with increasing pres-

sure. The effect of pressure merits further study because increasing the
operating pressure in a jet engine apparently does increase the tendency to
smoke. For example, increasing the combustor pressure in a Rolls—Royce RA24

engine, operating at an overall equivalence ratio of 0.24 from 140 to 190 psia

increased the exhaust emithsion from about 23 to 58 P.S.U. (photo smoke unit

1 ~tg soot per liter).’ Before the results reported in Table III are published
they will be repeated——the scatter seems excessive.

The effect of molecular structure on the critical equivalence ratio for
soot formation is demonstrated in Fig. 4, for a variety of fuels , as a function

of C/H ratio. The tendency to soot in general decreases in order: aromatics

~ alkanes > alkenes > acetylene. Clearly to complete this picture some other

substances have to be examined, e.g., a higher molecular weight acetylene and
mixtures, e.g., acetylene and benzene. Such studies are in progress. With

respect’ to the motivation for this study, i.e., the anticipated use of coal—
derived fuels, the general increasing tendency to soot with increasing C/H
ratio— — with the exception of acetylene——demonstrates the importance of this

study. This is rather dramatically presented in Fig. 5. If we are to efficient-

ly utilize coal in producing liquid fuels, and are not to consume a major por-

tion of the available energy just in reducing the C/H ratio , we will have to
burn more aromatic fuels. This means we must find a means of reducing the

10
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tendency of these fuels to produce soot——the ultimate objective of this pro-

gram. Figure 5 indicates that acetylenes should be considered as fuel ingre-

dients in coal derived fuels.

The position of acetylene in Fig. 4 is a bit surprising in view of the

dominant role it plays in many mechanisms for soot formation.” Before writ-
ing these theories off because of this observation, it should be noted that

the adiabatic flame temperature of acetylene, both for the thermodynamic and
experimental equivalence ratio for soot formation, is higher than for the
other fuels , see e.g. Table IV. In the table, the “thermodynamic” equivalence
ratio at which soot would be predicted corresponds to that equivalence ratio

at which the adiabatic equilibrium composition first exhibits the presence of

solid graphitic carbon. The equivalence - ratio, as usual, is rather artif i—
cially defined as the compcsition for which the products are CO2 and H20. The

“experimental” equivalence ratio is the value measured in this study, and the

11
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experimental temperature is the adiabatic flame temperature calculated for

that equivalence ratio. No carbon product is predicted by an equilibrium

calculation at this temperature. This table clearly demonstrates that soot

formation is a non—equilibrium process——that, of course, is one reason why it

is interesting.
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FIGURE 5 COMPARISON OF FUEL SOOTING TEND ENCY WITH C/H IN PETROLEUM AND COAL
Data from this study and Street and Thomas. Arrows on lines indicate

increasing molecular weight.

TABLE IV
COMPARISON OF THERMODYNAMIC AND EXPERIMENTAL FLAME

T~4PERATUR!S FOR SOOT FORMATION

Thermodynamic Experimental

T , K V _ _ _ _  
T , K ~Th’~’~Ex

Acetylene 2.5 2140 2.05 2380 1.3

Benzene 2.5 1350 1.55 2200 1.6

n—Hexane 2.8 1100 1.63 1850 1.7
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IV , ION IZATION IN SOOTING FLAMES

V 

The main objective of this program is to examine the hypothesis that

chemi—ionization flame ions play a major role in soot formation in hydrocarbon

V flames. The main experimental tool is an ion sampling mass spectrometer. In

this section the results of the mass spectrometer study are summarized. It

would be presumptuous, af ter a year’s study, to claim that all of the free—

radical mechanisms previously proposed were incorrect and had to be replaced

by an ionic mechanism. We will show, however, that an ionic mechanism is con-
sistent with the data obtained in this study; in subsequent work the ionic and

free radical mechanisms will be compared.

Figure 6 demonstrates how the ion spectra change as the equivalence ratio

is increased. This flame showed visible soot at an equivalence ratio just over

2.10. Only the lower 1% of the spectra is shown; the peaks have been cut off.

The total ion concentration under the three sets of conditions is nearly the

same——it decreases less than 10% between c~, — 1.9 and 2.1, but the distribution

of ion masses shifts dramatically to higher masses as the equivalence ratio is
increased. The H,O+ ion concentration ~is low, only about 10% of the total ion

concentration. In the leanest flame of the three, the dominant ions are at

masses 39, 53, and 63, corresponding to C,H,+, C4H,’~, and C,H3
+, respectively.

These three ions remain abundant as the fuel content is increased but higher
molecular weight species become rapidly more prevalent. The heavier ions, -

above mass 63, appear to be separated by an average of 13 amu (corresponding
to Cli), and the more massive the ion, the greater is its sensitivity to fuel

concentration. In the richest condition of Fig. 6, the ion spectrum is doini

nated by 39, 63, 89 , 127, and 165.
Figure 7 shows the relative abundances of the ions in three different

mass classes in C2H2/air flames at 55 Torr at a position well downstream of

the flame front as a function of equivalence ratio. It should be noted that

the numbers are not a quantitative indication of relative proportions but

serve only to demonstrate that an increase in heavy masses accompanies the

onset of soot formation. The predominance of low molecular weight species, in

this case mainly mass 39 , C,H,+, is also apparent as is the fact that the ions
in the intermediate mass range from 180 to 300 amu and in the large mass range,
greater than 300 amu, comprise a relatively small fraction of the total ion
spectra at the position in the flame where soot is first produced.

13
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The analogous plots for C6H6/air flames in Fig. 8 reflect a much more

abrupt appearance of higher molecular weight species at 4 .  This behavior is

paralleled by visual observations of soot particle emission. The gradual

increases in the emission intensity and the lengthening of the soot—containing

region over the whole cross—section of the flame exhibited by C2H, flames are
not apparent in C,H. flames. As the ~ required to produce visible continuum

emission is reached in C6H. flames, a diffuse yellow streamer abruptly appears

which extends downstream all the way from the back edge of the flame front to V

a point 6—8 cm above the burner where it disappears, probably due to admixing
of the leaner shroud flame product stream with the test flame stream.

Besides being a very sensitive function of the fuel concentration, the

ion composition of nearly sooting flames varies considerably with flow time or

position in the flame. This is partly due, as in leaner flames which have been
studied extensively in prior work,12 to the neutral species with which the ions

interact, changing continuously with time as the fuel and oxidizer are consumed

and products evolve. The complexity of the resultant ion profiles is illus-

trated in Fig. 9 in which relative ion concentrations are given as a function

of distance from the burner top in a nearly sooting (~ 2.2 where 
~ 

2.3)

C2H2/air flame. It can be seen from this figure that different ions reach

their maximum concentrations at different points in the flame and that down-

stream, the distribution Is dominated by C,H,+ and C,H+.

Many of the ions display a second maximum downstream of the flame front in

the region 10—20 mm above the burner top. It is in this region of the flame

that yellow luminescence first appears when the fuel concentration approaches

that required to produce soot. In these C2H2 flames, the soot particles respon-

sible for this emission apparently “burn up” as the stream proceeds further
downstream, i.e., the yellow emission disappears above this 10—20 mm zone. This
condition prevails within the interval 2.3 ~ ~ < 2.75. The appearance of

yellow emission is accompanied by the formation of high molecular weight ions,
first in this region between 10 and 20 mm when the soot is also confined to this

region and, at higher ~, throughout the entire post flame front product gas

stream. When t~ has been raised above 2.75 (i.e.-, to the point at which yellow
emission is visible everywhere throughout the burned gases) , however, a large

V 
proportion of the charged species are o~ a molecular weight greater than
300 amu and thus lie beyond the range of the mass spectrometer being used when
these experiments were carried out.

16
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The charged species content of C2H2 and C6H6 flames display several fea-
tures in common, as well as distinct differences. This is illustrated by the

mass spectra displayed in Fig. 10. Both spectra were taken in flames very

close to the point of. soot onset, 
~~~
, from a region in the flame where yellow

emission would first  appear as the fuel input was increased just  slightly
beyond the specified cP values.

The most striking observation is that above M/e = 163, with the possible

exception of M/e — 179, the mass spectra are very similar. Both spectra are

dominated by M/e — 163 and 165. A reasonable structure for such a molecule

might be, for M/e — 165:

H

with 2 less hydrogens for M/e 163. The kinetics for producing larger molecu-

lar ions and thus soot forming nuclei must thus be very much the same for

acetylene and benzene beyond this point. It will be interesting to run a

similar experiment with an alkane to see if it follows this same pattern. If -

so, then it will have been demonstrated that the chemistry that determines the

difference in tendency to soot formation between fuels occurs in the very early

stages of ion growth. 
V

Below M/e • 163 the ion spectra are markedly different for acetylene and

benzene. This is further demonstrated in Table V which summarizes the data

from Fig. 10. The reasonable assumption has been made that the only two ele-

ments in the molecular ions are carbon and hydrogen. Several interesting

observations jump out at you from Table V. First, the C/H ratios are markedly
different for the three columns although the C/H ratios in the two original
fuels are the same, namely 1. Thus:

C/H for ions unique to acetylene 1.72

C/H for ions in coemon 1.42

C/H for ions unique to benzene 1.03

Interestingly C/H for the ions in coemon lies between the two fuels . An obvi-

ous interpretation of this data is that an aromatic molecular ion must be

formed to produce higher molecular weight ions. This is consistent with the

20 
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TABLE V
ION COMPOSITIONS UNIQUE TO ACETYLENE OR BENZENE AND CO~QION TO BoTh

(From Fig . 10)

Number
Carbons Unique to Acetylene Unique to Benzene Coemc~. 

-

3 CSH 3+ a

4 ——— —— — 51 C~ H ,

5 61 C5Wh, 63 C5H3+ ——— 65 C, h~
6 75 CoH,+, 77 C6H,+ — — —  79 C.H.

7 87 C,H3+ 
V 93 C7H9~ 89 C,H,

8 10]. C.H5+ 107 C8H~ 103 C.H,~
9 ——— 117 C9H9 + 115 C.H~

10 127 C 1OH, + 129 C 10H9 +

11 —— — 143 C 11H,. 1+, 145 C11H 13
+ 141 C,,M.

12 ——— 153 C 12H 9
+, 155 C 12H 11+ 151 C 12 H ,~

13 ——— —— — 163 C1,H, , 1#~5 C ,h.

14 —— — 179 V C l 4 H i~~~ 177 C1j 1.

a Included with acetylene because in benzene it is so much lower.

observation, above, that the change in ion concentration with equivalence ra: -

and change in appearance of soot are very abrupt for benzene flames and less

abrupt for acetylene flames , Figs. 7 and 8. In the case of benzene, a ~~~~~e~-u~.e

(or molecules) is present by which proton transfer can readily produce an

aromatic molecular ion. In acetylene, the aromatic ion has to be produced .

Another clue to the mechanism, or possibly only to the thermal stabi~ it-

of molecular ions at high temperatures, is the observation of the number of

hydrogen atoms on the ions, see Table VI. The dominance of odd numbers of

hydrogen atoms begs for an explanation as do the “observations” noted in t *

table.

Spectra have also been taken repeatedly at higher resolving power in ~rder

to determine the mass numbers of observed species with more accuracy than is

possible from rapid, higher sensitivity runs exemplified by Fig. 10. Figure

is a sample of such a higher resolution spectrum taken from the reaction ZV

of a C2R2/air flame under fuel—rich conditions similar to those of Fig. 10, but

at an equivalence ratio somewhat further from the point of soot onset . These

data illustrate the complexity of the ion content of these flames in that max~-

21
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V TABLE VI

NUMBER OF H ATOMS ON MOLECULAR IONS
(From Table V)

Number Number Molecular
H Atoms Ions in Table V Observations

1 1

2 0

3 5 4from C2H2

4 1 from common
5 4 none from benzene
6 1

7 4 from common only

8 0

9 7 5 from benzene
10 0

V 
11 3 all from benzene
12 0

13 1

of the peaks of Fig. 10 can be seen under higher resolution to comprise groups

of several species differing by only a few mass units. An analogous situation

obtains in C,H6 flames. It is also apparent from a comparison of Figs. 10 and

11 that only a small change in fuel concentration can produce distinct changes

in relative ion concentrations within the groups. In Fig. 11, for example,

the ions at 87 , 89, and 91 amu are all of comparable intensity whereas,
despite the lack of resolution, it is apparent in the mass spectra which led

to Fig. 10 that mass 91 is negligible compared to the other two. Similar

changes occur in many of the other groupings, but, in general, it appears that -

as the flame is made more fuel rich, the higher molecular weight ions within
any given group become more abundant. Assuming the ions contain only C and H,
this observation implies that a structure with increasing H content is

approached as the stoichiometry is increased toward soot formation. This

would be consistent with the discussion above on the data in Table V and the

observation that the C/H ratio for the ions unique to acetylene flames is

greater than that for ions unique to benzene flames and is also greater than

for the ions observed in both flames. To produce large molecular ions, the

22
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V presumed precursors of soot nuclei, the ions have to go through an aromatic
- structure which means, for acetylene flame ions, adding hydrogen.

24
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V. AN IONIC MECHAN ISM OF SOOT FORMATION

At this stage it is worthwhile considering some mechanisms in an attempt

to explain the data and to serve as a guide for defining future experiments.

The primary ion must be produced by the chemi—ionization reaction12’13

CH + 0 + CHO+ + e (1)

The prominent ion, C2}130+, in Fig. 9 is produced by “‘i

C2H,0+ + C2H2 -~~ C3H3+ 
~+ CH2O 

V 
(2)

This is certainly consistent with the increase in C,H3+ as C2H3O
+ decays

in Fig. 9.

Other simple ions might be produced such as C3H3+, observed by Vinckier
et al’3

CHO+ + C2 H 2 4- C3H3+ + Co (3)

The lack of appearance of C2H3+ in our system does not mean it does not
form; its removal reactions may be much faster than the formation reactions.

The neutral species building blocks, from the work of Homann et al,”16

are: CU, CU3, C2H, C3H4, C .H2, and C6H2. Using only a few of these with the
above two ions, C3H3+ and C2H3+, the initially observed intermediate mass ions
are readily produced:

+C5H,

C2H2 C5H3+ + H2

+ C3H4_-.s.C6H,+ + H2

C4li2,~~.. C,H5 +

C,H3 + H3

+
JC4H3

C2H2LC4H,+ + H2

C2H3
+ + CsH~___ .~CsH, + + H3

Ca.H~ <~
s.C.Hg+

\C6H3÷ + H2 (5)

25

_ _ _ _  V V  V~~ -~~~~ - - V V V - ~~~~~~~~~~~



TP—37 1

To account for the large concentrations of C5H+, Figs. 9 and 10, oxida-

tion ~~~ tons have to be invoked to remove hydrogen, e.g.:
OH

C3H3+ + OH + C5H2+ + C5H+ + H2O

+ 0 C5H~ + H20 (6)

Generalizing Reactions (5) and (6) , larger molecular ions are formed by:

C H + + C2H2 + C  H +
n m  n+2 m+2

+ C H + + H2 (7) 
-

It might be expected that a proton , or even a hydrogen atom, would shuffle
from molecule to molecule so that the number of hydrogens on a carbor~ skeleton

might vary with the composition, temperature, and pressure of the environment.
Reactions of the following type would be expected to contribute:

C H + + C H  4 - C R  + C Hn m x z ~ n rn — i x z+, (8)

C H + + H20 ~ C U + H3O+ (9)n m n m— i 
-

The H,O~ formed in Reaction (9) would serve as an intermediary, giving its

proton to another large molecule. The data in Table V and Fig. II would

generally require that two hydrogen atoms be shuffled at a time or that two

shuffling reactions occur very quickly. Clearly more work is required.

The problem now arises of accounting for the observation that large ions

and soot are produced more abruptly in benzene than in acetylene flames, Figs.

7 and 8, and that a unique set of ions, all apparently aromatic, are produced
in benzene flames. The large concentrations of ions of mass 79, 93, 107, and
117 in Fig. 10 have to be accounted for; the larger molecular ions can then

presumably be explained by reactions similar to the above. The basic starting

ions are most likely the same as in acetylene: CUO+, C3H3+, and C3H3+. The

neutral species can be deduced from the probable oxidation mechanism for
benzene, which has been studied very little,” V

C.}Ls + 02 + C6H, + HO2

+ 0 + C6H, + OH

+ OH + C4H5 + H20 (10)

with the suggested” further reactions breaking the carbon—carbon bond:

V C6H. + Oa ~ (C.H,00*) + 2C0 + C3E2 + C2H3 (11)

— —2.8 kcal mol ’
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The molecular ions in benzene flames might then be produced as follows:

For amu 79:

C6H5 + CHO+ + C6H4 + + CO + H2 (12)

Amu 93 is difficult to account for in one step from the above set of

neutrals and ions. Should toluene be present, the reaction

C,H. + CUO+ + C,Hs+ + CO (13)

V would be expected.

For amu 107 : V

C4H 6 + C2H34 + C5H9 + (14)

For amu 117:

C6H6 + C3H3+ + C.H9+ (15)

In explaining the larger ions in the benzene flame it will be necessary

to explain why they are unique to that flame and do not also occur in the

acetylene flame. For example, to explain the unique formation of amu 107,
in the benzene flame, we cannot go through C.H,+ because that ion is

common to acetylene and benzene, Table V. and the amu 107 ion does not occur
in the acetylene flame.

The above seems a rational explanation of the appearance of specific ions

in acetylene and benzene flames as well as why benzene flames produce soot and

ions more abruptly with increasing equivalence ratio. The assumption is being

made that to produce soot the ions must take on an aromatic ring structure.
In benzene., the aromatic ion is produced from the parent fuel molecule or a
first derivative of that molecule, while in acetylene the ion must grow by ion

molecule reaction and then the new molecular ion must rearrange to produce an

aromatic molecular ion. Discussion of these mechanisms will be left to the

future.
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VI. PUBLICATIONS AND PRESENTATIONS

Two publications by H.F. Calcote and W.J. Miller should be submitted by

year end to the journal, Combustion and Flame. They will be entitled:

(1) Effect of Fuel Structure on Soot Formation

(ii) A Mass Spectrometric Study of Ionic Mechanisms of Soot Formation

in Acetylene and Benz ene Flames
The authors participated in the following meetings and workshops:
(i) Project SQUID Workshop on Alternate Hydrocarbon Fuels for Engines,

Columbia, MD, 7—9 September 1977; H.F. Calcote was a Panel Member.
(ii) “Fundamental Mechanisms of Carbon Formation in Hydrocarbon and

Synthetic Fuel Combustion,” presented by H.F. Calcote, 1977 AFOSR
Meeting on Air—Breathing Combustion Dynamics, West Lafayette, IN,

12—16 September 1977.

(iii) “Ionic Mechanism of Carbon Formation in Flames,” presented by W.J.

Miller , Fall Technical Meeting, Eastern Section: The Combustion
Institute, United Technologies Research Center, East Hartford,
CT, 10—11 November 1977.

(iv) “Ionic Mechanisms of Carbon Formation in Flames,” presented by
H.F. Calcote, School of Engineering and Applied Science, Princeton
University, 6 December 1977.

(v) “Ionic Mechanism of Carbon Formation in Flames,” presented by
H.P. Calcote, National Bureau of Standards, Washington, DC, 13

December 1977. V

(vi) Project SQUID Workshop on Gas Turbine Combustion Design Problems,

H.F. Calcote attending, Purdue University, Wes t Lafayette, IN,

31 May—i June 1978.

(vii) “Ionic Mechanisms of Soot Formation in Flames,” H.P. Calcote will

be invited speaker at the Fall Technical Meeting, Eastern Section :

The Combustion Institute, Miami Beach, FL, 29 November—i December
1978.
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VII , RESEARCH PARTICIPANTS

In addition to the authors, Ms. Rita M. Bowser assisted with the

experiments.

V I II . REFERENCES

1. Wersborg, B.L., Yeung, A.C., and Howard, J.B., “Concentration and Mass
Distribution of Charged Species in Sooting Flames,” Fifteenth Symposium
(International) on Combustion (The Combustion Institute, Pittsburgh,
1974) pp. 1439—1447.

2. Mayo, P.J. and Weinberg, F.J., “On the Size, Charge and Number—Rate of
Formation of Carbon Particles in Flames Subjected to Electric Fields,”
Proc. Roy. Soc. A3l9, 351—371 (1970).

3. Rezy , B.J. and Heinsohn, R.J., “The Increase in the Maximum Heat Release
Rate and Apparent Flame Strength of Opposed—Jet Diffusion Flames Under
Imposed Electric Fields,” Trans ASME 88A, 157 (1966).

4. Bulewiçz, EM., Evans, D.G., and Padley, P.1., “Effect of Metallic
Additives on Soot Formation Processes in Flames,” Fifteenth Symposium
(International) on Combustion (The Combustion Institute, Pittsburgh,
1974) pp. 1461—1470.

5. Palmer, H.B. and Cullis, CF., “The Formation of Carbon from Gases,”
Chemistry and Physics of Carbon, ed. P.L. Walker, Jr., (Marcel Dekker,
New York, 1965) pp. 265—325. V

6. Gaydon, A.G. and Wolfhard, H.G., Flames (Chapman and Hall, London ,
1970).

7. Homann , LU., “Carbon Formation in Premixed Flames,” Combust. Flame 11,
265—287 (1967).

8. Street , J.C. and Thomas, A., “Carbon Formation in Premixed Flames,”
Fuel 34, 4—36 (1955).

9. Miller , W.J ., “Charged Species Diagnostics for Combustion Systems ,”
Experimental Diagnostics in Gas Phase Combustion Systems, Vol. 53,
Progress in Astronautics and Aeronautics (AIAA , New York, 1977)
pp. 25—48.

10. Markstein, G.H., ed., Nonsteady Flame Propagation (The MacMillan Co.,
New York, 1964).

11. McFarlane, J.J., flolderness, F.H., and Whitcher , F.S.E., “SoQt Formation
Rates in Premixed C, and C. Hydrocarbon—Air Flames at Pressures up toV 
20 Atmospheres,” Combust. Flame 8, 215—229 (1964).

29

V V ~~~~~~~~~~ --_ _ _ _  -—_
~~~~~~~~~~~ V

V - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



TP—371

12. Calcote, H.F. and Miller, W.J., “Chemical Reactions in Flame Plasma,”
Reactions Under Plasma Conditions, Vol. II., ed. M. Venugopalan (John
Wiley & Sons, Inc., New York , 1971) pp. 327—371.

13. Vinckier, C., Gardner, M.P., and Bayes, K.D., “A Study of Some Primary
and Secondary Chemi—lonization Reactions in Hydrocarbon Oxidations,”
Sixteenth Symposium (International) on Combustion (The Combustion
Institute, Pittsburgh, 1976) pp. 881—889.

14. Calcote, H.F., “Ions in Flames, Ion-Molecule Reactions, Vol. 2, ed.
J.L. Franklin (Plenum Press, New York, 1972) pp. 673—706.

15. Goodings, J.M., Bohme, D.L, and Sugden, T.M., “Positive Ion Probe of
Methane—Oxygen Combustion,” Sixteenth Symposium (International) on
Combustion (The Combustion Institute, Pittsburgh, 1976) pp. 891—902.

16. Romann, K.H., Warnatz, .1., and Wellmann, C., “The Formation of Higher
Hydrocarbons in the Reaction of 0—Atoms with Acetylene,” Sixteenth
Symposium (International) on Combustion (The Combustion Institute,
Pittsburgh, 1976) pp. 853—860.

17. Fujii, N. and Asaba, T., “Shock—Tube Study of the Reaction of Rich
Mixtures of Benzene and Oxygen,” Fourteenth Symposium (International)
on Combustion (The Combustion Institute, Pittsburgh, 1973) pp. 433—442.

30

__

~

V V_ V V _V V V

~

I V V V _ V V V _ V _ V _ V~~~~~~ V~~V V - — - - —V—V - — - gA


